Abstract Newcastle disease virus (NDV) can replicate in tumor cells and induce apoptosis in late stages of infection. However, the interaction between NDV and cells in early stages of infection is not well understood. Here, we report that, shortly after infection, NDV triggers the formation of autophagosomes in U251 glioma cells, as demonstrated by an increased number of double-membrane vesicles, GFPmicrotubule-associated protein 1 light chain 3 (GFP-LC3) a dot formations, and elevated production of LC3II. Moreover, modulation of NDV-induced autophagy by rapamycin, chloroquine or small interfering RNAs targeting the genes critical for autophagosome formation (Atg5 and Beclin-1) affects virus production, indicating that autophagy may be utilized by NDV to facilitate its own production. Furthermore, the class III phosphatidylinositol 3-kinase (PI3K)/Beclin-1 pathway plays a role in NDVinduced autophagy and virus production. Collectively, our data provide a unique example of a paramyxovirus that uses autophagy to enhance its production.
Introduction
Newcastle disease virus (NDV) belongs to the genus Avulavirus in the family Paramyxoviridae and has a natural avian host range. Normal mammalian cells are found to be resistant to NDV replication, while oncolytic NDV can selectively replicate in tumor cells and induce apoptosis in late stages of infection [1] . However, in the initial phase of infection, NDV must prevent the rapid elimination of tumor cells to ensure its own survival and propagation. To date, the mechanisms that underlie the interaction between NDV and target cells in early stages of infection remain largely unclear.
Autophagy, also known as type 2 programmed cell death, is an evolutionarily conserved lysosomal degradation process by which long-lived proteins and damaged organelles are sequestered in the cytoplasm and removed for recycling [2] . The hallmark of autophagy is a doublemembraned autophagosome that engulfs bulk cytoplasm and cytoplasmic organelles [3] . Autophagosomes fuse ultimately with lysosomes, thereby generating singlemembraned autophagolysosomes and degrading their contents [4] . During autophagy, LC3 (microtubule-associated protein 1 light chain 3) is converted to lipidated LC3II and associates with the autophagic membrane. The punctuate distribution of LC3 upon lipidation is characteristic and serves as a marker for autophagy [5] , while the LC3II/actin ratio correlates well with the number of autophagosomes [6] . A multifunctional protein p62 (SQSTM1) interacts with LC3II and is specifically degraded by the autophagiclysosome pathway [6] .
Autophagy is known to be controlled by a group of autophagy-related genes (Atg genes), and more than 30 Atg genes have been identified in yeast so far. The molecular pathways that regulate autophagy have been investigated extensively. A critical positive regulator of autophagy is the class III phosphatidylinositol 3-kinase (PI3KC3), whose activity in promoting autophagy depends on its association with a multi-protein complex that contains the essential mammalian autophagy protein Beclin-1 (homologue of yeast Atg6) [7] . Two ubiquitinlike conjugation systems are required for the formation of autophagosomes, in which several Atg genes including Atg5 are involved. Autophagy may also be negatively regulated by the serine/threonine kinase mammalian target of rapamycin (mTOR) [8, 9] . Other negative regulators of autophagy include the class I PI3K/Akt pathway, which controls autophagy via its downstream regulator mTOR.
Autophagy plays a role in both innate and adaptive immune responses to infection with microbial pathogens, including viruses [10, 11] . It has been demonstrated that some viruses, such as herpes simplex virus type 1 (HSV-1) and cytomegalovirus, have evolved mechanisms to suppress autophagy and, in the case of HSV-1, this increases its own survival [11, 12] . In contrast, several single-stranded RNA viruses, such as poliovirus, coronavirus and dengue virus, exploit the elements of the autophagy system to benefit their own replication [13] [14] [15] . So far, several members of the family Paramyxoviridae have been shown to induce autophagy in target cells [16, 17] . However, little is known about the role of autophagy in negative-stranded RNA virus replication.
In this paper, we report the discovery that autophagy is induced in U251 glioma cells upon NDV infection, and that knockdown of the genes critical for autophagosome formation markedly decreases virus yield.
Materials and methods

Cell lines, virus and plasmid
Human glioma U251 and chicken DF1 cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere containing 5% CO 2 . The NDV strain Beaudette C [18] was propagated and titrated in DF1 cells as described previously [19] . BC was UV-inactivated by standard procedures. GFP-microtubule-associated protein 1 light chain 3 (GFP-LC3) plasmid was purchased from Origene.
Antibodies and reagents
Phospho-specific antibodies to mammalian target of rapamycin (mTOR) (Ser2448), p70S6K (Thr389), Akt (Ser473) and total antibodies against mTOR, p70S6K and Akt were obtained from Cell Signaling Technology. A monoclonal anti-Beclin-1 antibody was purchased from BD Biosciences. A polyclonal rabbit anti-LC3 and a monoclonal antibody against b-actin were obtained from Sigma. Antip62 antibody was from Epitomics. Rapamycin and chloroquine (CQ) were purchased from Sigma.
Virus infection U251 cells were infected with NDV at a multiplicity of infection (MOI) of 10, or sham infected with phophatebuffered saline (PBS), at 37°C for 1 h in serum-free DMEM. The cells were washed three times with PBS and incubated at 37°C in DMEM supplemented with 2% FBS. For induction of autophagy, the cells were treated with rapamycin for 1 h prior to virus infection.
For inhibition experiments, cells were treated with rapamycin (100 nM) or CQ (50 lM) for 30 min prior to virus infection. Subsequently, the cells were infected with NDV in the presence or absence of various compounds for 1 h and then cultured in fresh DMEM containing rapamycin or CQ for the indicated times. For experiments that involved determination of the virus yield, U251 cells were infected with NDV at an MOI of 0.01, and multi-step viral growth curves were examined.
Cell transfection and fluorescence microscopy Lipofectamine 2000 (Invitrogen) was used to transfect U251 cells with GFP-LC3 DNA, according to the manufacturer's guidelines. Dot formation of GFP-LC3 was detected under a fluorescence microcsope (BX50, Olympus) after drug treatment and/or NDV infection. Cells were considered to have accumulated autophagosomes when five or more puncta were counted, because the few mockinfected cells that displayed puncta rarely had more than one to four. A total of 100 transfected cells were analyzed in each well from three independent experiments (in triplicate).
Transmission electron microscopy
For ultrastructural analysis, standard transmission electron microscopy (TEM) was carried out. Virus infection was performed as above. Four hours after infection, the cells were fixed and embedded. Thin sections (90 nm) were cut and examined at 80 kV with a JEOL 1200EX transmission electron microscope. Approximately 15 cells were counted; autophagosomes were defined as double-membraned vacuoles measuring 0.2 to 1.0 lm.
Immunoblot analysis
U251 cells in 60-mm dishes were infected with NDV at an MOI of 10. One hour after infection, the medium was removed and replaced with DMEM supplemented with 2% FBS for the duration of the experiment. Virus-infected cells were harvested at the times indicated, and immunoblot (IB) was performed essentially as described previously [20] . Densitometry analysis of the specific protein expression was carried out using a calibrated GS-670 densitometer. All IB experiments were performed twice.
Transfection with small interfering RNA Smart pool small interfering RNAs (siRNAs) targeting ATG5 (L-004374-00-0005, human ATG5, NM_004849) and Beclin-1 (L-010552-00-0005, human BECN 1, NM_003766) as well as control siRNA were obtained from Dharmacon (Denver, Colorado). Nearly 50 to 70% confluent U251 cells were transfected transiently with various siRNAs at a concentration of 50 to 80 nM, using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. A scrambled siRNA was used as a negative control. The silencing efficiency was detected by immunoblot. Seventy hours after transfection, the cells were infected with NDV at an MOI of 0.01 as described above. Viral titers were determined on DF-1 cell monolayers at the indicated time points postinfection.
Statistical analysis
The data were evaluated using Student's t-test in SPSS V17.0 software (SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant at p \ 0.01.
Results
NDV triggers autophagy in U251 cells
To investigate whether NDV infection led to any ultrastructural changes, U251 cells were mock treated or infected with the NDV strain Beaudette C [18] at a multiplicity of infection (MOI) of 10. The cells were examined subsequently by standard transmission electron microscopy (TEM). As depicted in Fig. 1A , mock-infected cells showed a normal distribution of organelles (Fig. 1A, a) , while some infected cells were highly vacuolated and showed disappearance of most organelles (Fig. 1A, b) . In some infected cells, cup-shaped membranous structures were observed wrapping around mitochondria in the cytoplasm (Fig. 1A, c ). An autophagosome, or initial autophagic vacuole, containing a mitochondrion and other organelles, can be seen fusing with a lysosome to form a single-membraned vacuole (Fig. 1A, d ). These observations indicate that ultrastructural features similar to autophagosomes were formed during NDV infection.
To confirm that the observed double-membraned vesicles were indeed related to autophagy, U251 cells transfected with GFP-LC3 were infected by NDV, and GFP-LC3 dot formation was investigated. The NDV-infected cells displayed a significant increase (p \ 0.01) in GFP-LC3 puncta compared with mock cells (Fig. 1B) . GFP-LC3 dot formation was also observed in the positive control cells (cells treated with an autophagosome inducer, rapamycin).
To corroborate these morphological observations, the time course of the conversion of endogenous LC3 to LC3II in NDV-infected U251 cells was examined by western blotting. Band intensity was measured by densitometry analysis. Rapamycin treatment of U251 cells increased the expression of LC3II, which was used as a positive control. As illustrated in Fig. 1C , increased expression of LC3II in NDV-infected U251 cells was detectable as early as 2 h postinfection [21] , with a climax at 8 hpi, and it was maintained until 24 hpi. The expression had declined at 48 hpi. Comigration of LC3II in infected cells and in cells treated with rapamycin confirmed that the band was authentic LC3II. In addition, similar results were obtained in U251 cells infected with NDV at other MOIs (0.01, 0.1, 1 and 10) (Fig. 1E) . In contrast, the cells treated with UVinactivated NDV could not induce marked production of LC3II (Fig. 1F) .
It is known that some pathogens induce early stages of autophagy but block later stages (i.e., autophagolysosomal fusion). To examine whether a complete autophagic response (i.e., autophagic flux) was induced by NDV, levels of the autophagic substrate p62 were measured. As shown in Fig. 1D , there was a gradual decline in levels of p62 protein with barely detectable levels observed 48 hpi.
Collectively, these data demonstrate that NDV can induce a complete autophagic response in U251 glioma cells.
The class III PI3K/Beclin-1 pathway is involved in autophagy induced by NDV infection To understand the potential mechanism of autophagosome formation in NDV-infected U251 cells, we examined the phosphorylation status of mTOR, a well-known negative regulator that controls autophagosome formation [22] . As shown in Fig. 2 , a significant increase in the levels of mTOR phosphorylation was observed 6 h after NDV infection and maintained to 24 hpi (Fig. 2) . In addition, upon NDV infection, elevated phosphorylation of p70S6K, a downstream effector of mTOR signaling, was also detected with a time dependence similar to that of mTOR phosphorylation (Fig. 2) . It is known that mTOR is one of the downstream effectors of the class I PI3K/Akt signaling pathways and that Akt signaling has been shown previously to be involved in the induction of autophagy in malignant glioma cells [23] . We examined Akt phosphorylation at different time points after NDV infection. As shown in Fig. 2 , increased phosphorylation of Akt was observed in NDV-infected cells until 24 hpi. Together, these data suggested that the class I PI3K/Akt/mTOR signaling pathway was activated during NDV infection and may not contribute to NDV-triggered autophagy.
The above findings prompted us to examine the role of the class III PI3K/Beclin-1 pathway in autophagic induction in NDV-infected U251 cells. Beclin-1 (Atg6 in mammals) forms a complex with class III PI3K and is required for the formation of the autophagic vesicle [24, 25] . As illustrated in Fig. 2 , expression of Beclin-1 was upregulated in early stages of NDV infection. This result indicated that the class III PI3K/Beclin-1 pathway plays an important role in NDV-induced autophagy in U251 cells.
Pharmacological regulation of induction of autophagy affects virus production in NDV-infected U251 cells
To assess whether modulation of NDV-induced autophagy has an effect on virus replication, we first investigated whether pharmacological compounds can modulate autophagic induction. U251 cells infected with NDV were mock treated or treated with the autophagy inducer rapamycin, or the autophagy inhibitor CQ, at the concentrations used in previous studies [26] [27] [28] [29] . The two compounds had no effect on cell viability at the concentrations used in this study (data not shown). As can be seen in Fig. 3A , the production of LC3II was increased at 24 and 48 hpi in NDV-infected cells treated with rapamycin. CQ inhibits autophagy at a late stage by preventing the fusion of autophagosomes with lysosomes and thus increasing the cellular burden of autophagosomes [30, 31] . Because LC3II is an essential element in the formation of the autophagosome, the inhibition of autophagy by CQ results in the marked accumulation of LC3II [32, 33] . Figure 3B shows that CQ induced a moderate increase in LC3II in infected cells, indicating that CQ treatment blocks the fusion of the NDV-induced autophagosomes with lysosomes. Overall, these results indicated that rapamycin exerts an enhanced effect on NDV-induced autophagy, whereas CQ inhibits NDV-induced autophagy.
Subsequently, the virus yield in cells treated with autophagy modulators, including rapamycin and CQ, were determined by titration in DF1 cells, and multi-step viral growth curves were investigated. As shown in Fig. 3C , infection in the presence of rapamycin resulted in an almost twofold increase in virus production at 24 and 48 hpi when compared with the mock-treated control. In contrast, CQ treatment resulted in a decrease in virus yield by nearly 2 logs (Fig. 3C ). Considering our observations about the effect on NDV-triggered autophagic induction by rapamycin or CQ in U251 cells, we inferred that the autophagic machinery plays a positive role in virus production in NDV-infected U251 cells.
Knockdown of the genes critical for autophagosome formation reduces NDV yield
To elucidate further the role of autophagy in NDV production, we knocked down the expression of either Atg5 or Beclin-1 at the transcriptional level in U251 cells. Both proteins have been shown to be essential for the formation of autophagosomes [24, 34] . As illustrated in Fig. 4A , the expression of either Atg5 or Beclin-1 in uninfected U251 cells was inhibited to a large extent (about 75% reduction) by specific small interfering RNAs (siRNAs). Figure 4B shows that there was a reduction of approximately 10 times and 6 times, respectively, in the virus yield at 24 hpi and nearly 60 times at 48 hpi when compared with control infection. These data indicated that inhibition of autophagy reduced virus production in NDV-infected U251 cells.
Discussion
Members of the family Paramyxoviridae have been shown to induce autophagy in target cells. It has been reported that Cell lysates were analyzed for the activation of mTOR, p70S6K and Akt by immunoblot assay. The filters were stripped and reprobed with antibodies against total mTOR, p70S6K or Akt. Sample loading was controlled using an anti-actin antibody as indicated the parainfluenza virus simian virus 5 activates plasmacytoid dendritic cells through the autophagy pathway [16] , while measles virus induces autophagy in HeLa cells through a pathway mediated by CD46 [17] . However, it remains unclear whether autophagy is triggered upon NDV infection. In the current study, we demonstrated that, shortly after infection, NDV triggers autophagy in U251 glioma cells. By means of fluorescence and electron microscopy, several hallmarks of autophagy, including the formation of autophagosomes and GFP-LC3 dot formation, were observed in U251 cells upon NDV infection (Fig. 1A  and B ). These observations were attested further by the increased production of LC3II (Fig. 1C) . Furthermore, decreased levels of p62 at 24 h and 48 h after NDV infection correlate well with LC3II production, indicating that a complete autophagic response was induced upon NDV infection. Taken together, these data strongly suggest that autophagy is induced and is a part of the cellular response during NDV infection. Further studies will be The process of autophagosome formation is tightly controlled by a few signaling pathways including the class I PI3K/Akt/mTOR and class III PI3K/Beclin-1 pathways. So far, the mechanisms that participate in paramyxovirusinduced autophagy remain largely unknown. In this report, we showed that Beclin-1 expression was induced at early stages of NDV infection, which correlates well with the increased production of LC3II, indicating a potential role of the class III PI3K/Beclin-1 pathway in NDV-triggered autophagy. In contrast, we observed increased phosphorylation of Akt, mTOR and p70S6K in NDV-infected U251 cells, suggesting that NDV-induced autophagy is not triggered by the class I PI3K/Akt/mTOR pathway. Therefore, the class III PI3K/Beclin-1 pathway plays a crucial role in NDV-induced autophagy.
Although autophagy is known to be a cellular defense against viral infection, induction of autophagy has been shown to be beneficial for the replication of a few RNA viruses, including poliovirus [35] , dengue virus [14] and coxsackievirus [36] . In this report, we show that manipulation of the autophagic induction in NDV-infected U251 cells by pharmacological compounds or target-specific RNA interference resulted in significant alterations in virus replication. CQ treatment decreased virus production 24 and 48 h after NDV infection, while elevated virus production by rapamycin treatment was detected at 24 and 48 hpi. Interestingly, the effect on virus yield by CQ or rapamycin correlates well with their diverse effects on NDV-induced autophagy. Together, our data suggest that autophagy plays a critical role in virus production in NDV-infected cells. This notion is supported further by results from siRNA manipulations targeting ATG5 or Beclin-1 in U251 cells. The ATG5 protein is essential for the formation of the autophagosomal membrane, while Beclin-1 is necessary for cellular autophagy. A previous study has shown that ATG5 is necessary for the delivery of Sendai virus genetic material from the cytoplasm into endosomes, where the ssRNA sensor Toll-like receptor 7 resides [37] . The suppression of either of the two autophagic molecules in NDV-infected U251 cells resulted in the reduction of virus yield when compared with control. Together, these data indicate that autophagy is likely to be utilized by NDV to facilitate its own production. Of note, although several negative-stranded RNA viruses have been shown to induce autophagy, the relationship between autophagy and virus replication is poorly understood. Thus, our data will increase understanding of the role of autophagy in negative-stranded RNA virus replication.
In conclusion, we demonstrate for the first time that NDV triggers autophagy in U251 cells and that autophagy is utilized for virus production in NDV-infected cells. We have also delineated the molecular pathways that are involved in the induction of autophagy and virus production in NDV-infected U251 cells. Our data provide a unique example of a negative-stranded RNA virus that uses autophagy to enhance its own production. Future studies will be carried out to investigate whether autophagy triggered by NDV exerts an effect on apoptotic induction in NDV-infected tumor cells.
